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Abstract. In thisproceeding,thephenomenologyof UniversalExtraDimensions(UED), in which
all theStandardModel fieldspropagate,is explored.We focuson modelswith oneuniversalextra
dimension,compactifiedon anS1

�
Z2 orbifold. We revisit calculationsof Kaluza-Klein(KK) dark

matterwithout an assumptionof the KK massdegeneracy including all possiblecoannihilations.
We thencontrasttheexperimentalsignaturesof low energy supersymmetryandUED.
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INTRODUCTION

Modelsof UED placeall StandardModelparticlesin thebulk of oneor morecompact-
ified extra dimensions.In thesimplestandmostpopularversion,thereis a singleextra
dimensionof sizeR, compactifiedonanS1 � Z2 orbifold [1]. A peculiarfeatureof UED is
theconservationof Kaluza-Kleinnumberat treelevel,which is asimpleconsequenceof
momentumconservationalongtheextra dimension.However, bulk andbraneradiative
effects[2] breakKK numberdown to a discreteconserved quantity, the so calledKK
parity, ��� 1� n, wheren is theKK level. KK parity ensuresthat the lightestKK partners
(thoseat level one)arealwayspair-producedin collider experiments,just like in theR-
parity conservingsupersymmetrymodels.KK parity conservationalsoimplies that the
contributionsto variouslow-energyobservablesonlyariseatlooplevelandaresmall.As
a result,the limits on thescaleR � 1 of theextra dimensionfrom precisionelectroweak
dataare ratherweak,constrainingR � 1 to be larger thanapproximately250 GeV. An
attractive featureof UED modelswith KK parity is the presenceof a stablemassive
particlewhich canbeacolddarkmattercandidate[3, 4, 5, 6].

KALUZA-KLEIN DARK MATTER

Thefirst andonly comprehensive calculationof theUED relic densityto datewasper-
formed in [3]. The authorsconsideredtwo casesof LKP: the KK hypercharge gauge
bosonB1 andthe KK neutrinoν1. The caseof B1 LKP is naturallyobtainedin Mini-
mal UED (MUED) [7], wherethe radiative correctionsto B1 are the smallestin size,
sincethey areonly dueto hyperchargeinteractions.Theauthorsof [3] alsorealizedthe
importanceof coannihilationprocessesand includedin their analysiscoannihilations
with the SU � 2� W -singletKK leptons,which in MUED are the lightestamongthe re-
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FIGURE 1. (a) Relic densityof theLKP asa functionof R � 1 in theMUED model.(b) Thechangein
thecosmologicallypreferredvaluefor R � 1 asaresultof varyingthedifferentKK massesaway from their
nominalMUED values.(c) Thespin-independentdirectdetectionlimit from CDMS experimentfor γ1

mainingn � 1 KK particles.It wasthereforeexpectedthattheir coannihilationswill be
most important.We completethe LKP relic densitycalculationof Ref. [3] andsum-
marizeour result.Fig. 1(a) shows the relic densityof theLKP asa functionof R � 1 in
theMinimal UED model.The(red) line marked“a” is theresultfrom consideringγ1γ1
annihilationonly, following the analysisof Ref. [3], assuminga degenerateKK mass
spectrum.The(blue) line marked“b” repeatsthesameanalysis,but usesT -dependent,
effectively masslessdegreesof freedomand includesthe relativistic correctionto the
b-term in the non-relativistic velocity expansion.The (black) line marked “c” relaxes
theassumptionof KK massdegeneracy, andusestheactualMUED massspectrum.The
dottedline is theresultfrom thefull calculationin MUED, includingall coannihilation
processes,with theproperchoiceof masses.Thegreenhorizontalbanddenotesthepre-
ferredWMAP region for therelic density0	 094 
 ΩCDMh2 
 0	 129.Thecyanvertical
banddelineatesvaluesof R � 1 disfavoredby precisiondata.

Fig. 1(b) shows thechangein thecosmologicallypreferredvaluefor R � 1 asa result
of varyingthedifferentKK massesawayfrom theirnominalMUED values.Along each
line, the LKP relic densityis Ωχh2 � 0	 1. To draw the lines, we first fix the MUED
spectrum,andthenvary the correspondingKK massandplot the valueof R � 1 which
is requiredto give Ωχh2 � 0	 1. We show variationsof the massesof one(red dotted)
or three (red solid) generationsof SU � 2� W -singlet KK leptons;threegenerationsof
SU � 2� W -doubletleptons(magenta);threegenerationsof SU � 2� W -singletquarks(blue)
(the result for threegenerationsof SU � 2� W -doubletquarksis almost identical); KK
gluons(cyan)andelectroweakKK gaugebosons(green).Thecircleoneachline denotes
theMUED valuesof ∆ andR � 1.

The spin-independentdirect detectionlimit from CDMS experiment is shown in
fig. 1(c). We show the relic densityand spin-independentdirect detectionlimit from
CDMS experimentin theplaneof masssplitting ∆Q1 � ∆q1 � mQ1 � mγ1

mγ1
andLKP mass

for γ1 LKP. The red line accountsfor all of the dark matter(100%)and the two red
dottedlines show 10% and1%, respectively. The blue (green)line shows the current
CDMS limit with Ge-detector(Si-detector)andthethreecyanlinesrepresentprojected
SuperCDMSlimits for eachphase:A (25 kg), B (150kg) andC (1 ton) respectively. In
thecaseof γ1 LKP, SuperCDMSrulesout mostof parameterspace.Theyellow region
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FIGURE 2. Spindeterminationsat theLHC using(a) thedileptonmassand(b) theasymmetry

in thecaseof γ1 LKP showsparameterspacethatcouldbecoveredby thecollidersearch
in 4243 /ET channelat theLHC [7].

DISCRIMINATION OF SUSY AND UED

Weseethatwhile R-parityconservingSUSYimpliesamissingenergy signal,thereverse
is not true: a missingenergy signal would appearin any model with a dark matter
candidate,andevenin modelswhich have nothingto do with thedarkmatterissue,but
simplycontainnew neutralquasi-stableparticles.Similarly, theequalityof thecouplings
is a celebratedtest of SUSY. It is only a necessary, but not a sufficient condition
in proving supersymmetry. We are thereforeforced to concentrateon discrimination
betweenSUSY andUED. Thereare two fundamentaldistinctionsbetweenthem.Let
us begin with feature1: the numberof new particles.The KK particlesat n � 1 are
analogousto superpartnersin supersymmetry[7]. Theparticlesat thehigherKK levels
have no analoguesin N � 1 supersymmetricmodels.Discovering the n 5 2 levels of
the KK tower would thereforeindicatethe presenceof extra dimensionsrather than
SUSY. HowevertheseKK particlescanbetooheavy to beobserved.Evenif they canbe
observedat theLHC, they canbeconfusedwith othernew particles[8, 9] suchasZ 6 or
differenttypesof resonancesfrom extra dimensions[10]. The discovery opportunities
for then � 2 level at theLHC andtheTevatronarediscussedin [9] (for linearcollider
studiesof n � 2 KK gaugebosons,see[8, 11]).

Thesecondfeature– thespinsof thenew particles– alsoprovidesatool for discrimi-
nationbetweenSUSYandUED.Recentlyit hasbeensuggestedthatachargeasymmetry
in the lepton-jetinvariantmassdistributionsfrom a particularcascade,canbe usedto
discriminateSUSYfrom thecaseof purephasespacedecays[12] andis anindirectin-
dicationof thesuperparticlespins.It is thereforenaturalto askwhetherthismethodcan
beextendedto thecaseof SUSYversusUED discrimination[8, 9, 13]. Following [12],
we concentrateon thecascadedecayq̃ 7 qχ̃0

2 7 q298 ˜29:L 7 q2);<29� χ̃0
1 in SUSYandthe

analogousdecaychainQ1 7 qZ1 7 q2=8>2=:1 7 q2?;@29� γ1 in UED (seefig. 2(a)).The in-
variantmassdistributionsfor SUSY/Phasespacecanbewritten as dN

dm̂ � 2m̂, while for

UED it is dN
dm̂ � 4 A y ; 4z BA 1; 2z BCA 2; y B m̂ 3 r m̂3 [13, 14]. The coefficient r in the secondterm



of theUED distribution is definedasr � A 2� y BCA 1� 2z B
y ; 4z , m̂ � mDED

mmaxDED is therescaledinvariant

mass,y � m ˜D
mχ̃0

2

2

andz � mχ̃0
1

m ˜D
2

aretheratiosof themassesinvolvedin thedecay. y

andz arelessthan1 in thecaseof on-shelldecay. We seethatwhetheror not theUED
distribution is thesameastheSUSYdistributiondependsonthesizeof thecoefficient r
in thesecondtermof theUED distribution.TheUED distribution becomesexactly the
sameastheSUSYdistribution if r � 0	 5. Thereforewe scanthe � yF z � parameterspace,
calculatethecoefficientr andshow our resultin fig. 2(a).In fig 2(a)contourdottedlines
representthesizeof thecoefficient r. TheminimalUED caseis denotedby thebluedot
in the upper-right cornersincey and z arealmost1 dueto the massdegeneracy. The
reddotsrepresentseveralsnowmasspoints:SPS1a,SPS1b,SPS5andSPS3from left to
right. Thegreenline representsgauginounificationsoall SUSYbenchmarkpointsare
closeto this greenline. In fig. 2(b), we generateddatasamplesfrom SPS1aassuming
10f b � 1 andconstructedtheasymmetriesin SUSYandUED. We included10%jet en-
ergy resolution.Reddotsrepresentdatapoints,the red line is theSUSYfit to thedata
pointsandtheblue linesaretheUED fits to the datapointsfor two different fq’s. χ2-
minimizedUED (SUSY)fits to dataareshown in blue(red).For SUSY, χ2 is around1
aswe expect.We cangetbetterχ2 for UED from 9.1 to 4.5 by increasingfq. It is still
too big to fit theexperimentaldata.Soour conclusionfor this studyis thata particular
point likeSPS1acannotbefakedthroughtheentireparameterspaceof UED. However
we needto checkwhetherthis conclusionwill remainthe samewhenwe includethe
wrongjetswhich havenothingto dowith thisdecaychain[14].
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